Hydrogenation of GaAs 1−x N x and GaP 1−x N x epilayers grown on GaAs͑001͒ and GaP͑001͒ surfaces, respectively, is known to passivate the electronic activity of nitrogen through the formation of specific nitrogen-hydrogen complexes. The same epilayers also undergo a strain reversal from tensile ͑as grown͒ to compressive ͑fully hydrogenated͒. The authors show that the extent of strain reversal is determined exclusively by the nitrogen concentration. By performing in situ high resolution x-ray diffraction measurements during annealing and photoluminescence studies, the authors demonstrate that the lattice properties of fully hydrogenated GaAs 1−x N x are ruled by a H complex, which is different and less stable than that responsible for electronic passivation of nitrogen in GaAs Hydrogen is present as an unavoidable impurity in most steps of semiconductor growth and device-making processes. Therefore, many efforts have been devoted to the comprehension of its effects on the electronic properties of semiconductors.
1 A controlled incorporation of hydrogen in the semiconductor lattice can be obtained by several different techniques, including plasma exposure and ion-beam irradiation.
1 Recently, H attracted renewed attention because of its astonishing effects in dilute nitrides such as GaAs 1−x N x 2 and GaP 1−x N x , 3 where the electronic properties can be widely tuned through hydrogen incorporation. 4 Several theoretical studies addressed this issue [5] [6] [7] [8] and dihydrogen-nitrogen complexes with C 2v -like symmetry were found to be responsible for the aforementioned effects of H. [7] [8] [9] Moreover, it has been observed that hydrogen strongly modifies the internal strain of dilute nitrides [10] [11] [12] through a lattice expansion along the growth direction: compressive strain was reported in hydrogenated GaAs 1−x N x / GaAs 10,11 and GaP 1−x N x / GaP. 12 To date it has been presumed that the same N-H complex is responsible for both the recovery of the host gap energy and the modification of the lattice constants.
In this letter, we used high resolution x-ray diffraction ͑HRXRD͒ and photoluminescence ͑PL͒ measurements to investigate the structural and electronic properties of Ga͑AsN͒ epilayers under deuterium-induced compressive strain. 13 We show that the amount of compressive strain is proportional only to the N concentration in the as-grown sample. Furthermore, we demonstrate that the complex responsible for this compressive strain is different from that responsible for the recovery of the GaAs band gap and lattice constant in hydrogenated GaAs 1−x N x .
We have investigated GaAs 1−x N x epilayers grown on ͑001͒ GaAs by solid source molecular beam epitaxy ͑MBE͒ with a rf plasma source for N. The epilayers were grown at 500°C on GaAs ͑001͒ substrates after having grown a GaAs buffer at 600°C. A 20-nm-thick GaAs cap layer was finally grown at 500°C on top of the GaAs 1−x N x films. In the plasma nitrogen was mixed to argon and the rf source power used was in the 60-70 W range. Postgrowth thermal annealing at 660°C for 60 min was used to improve the optical properties of the samples. The nitrogen concentration x ͑thickness t͒ of the different samples was x = 1.22% ͑t = 223 nm͒, 1.27% ͑280 nm͒, 1.95% ͑138 nm͒, and 2.93% ͑82 nm͒. Measurements of the lattice parameter were carried out using a Philips X'Pert PRO MRD diffractometer.
14 The presence of a parabolic mirror and of an Anton Paar DHS 900 hot stage allowed us to collect high intensity ͑fast͒ and in situ ͑during annealing͒ diffraction measurements. Photoluminescence was excited by a neodymium-vanadate laser ͑ = 532 nm͒ and spectrally analyzed by a single grating 0.75 m-long monochromator coupled to a cooled InGaAs linear array detector. The samples were deuterated with a Kaufman source at 300°C using a relatively low-energy shown͒ were found to be uniform inside the GaAs 1−x N x layer, while they sharply decreased by several orders of magnitude outside the dilute nitride films. This emphasizes the strong coupling between D and N. Figure 1͑a͒ shows the HRXRD data collected from a 223-nm-thick GaAs 1−x N x epilayer with x = 1.22% before ͑lower curve͒ and after ͑upper curve͒ D irradiation ͑d D = 3.0ϫ 10 18 ions/ cm 2 ͒. The zero abscissa is set at the diffraction peak of the GaAs substrate. The untreated GaAs 1−x N x epilayer displays a diffraction peak at a positive angle, indicating the presence of tensile strain: ͑⌬a Ќ / a 0 ͒ N = ͑a NЌ − a 0 ͒ / a 0 = −0.471%, where a NЌ and a 0 are the lattice parameter of the as-grown GaAs 1−x N x epilayer along the growth axis and the lattice parameter of the GaAs substrate, respectively. After D irradiation a diffraction peak appears at negative angles, indicating a compressive strain, while the diffraction peak due to GaAs 1−x N x disappears, as previously reported. 10, 11 In this case the strain is quantified by ͑⌬a Ќ / a 0 ͒ D = ͑a DЌ − a 0 ͒ / a 0 = 0.173%, where a DЌ is the lattice parameter of the deuterated GaAs 1−x N x epilayer along the growth axis. PL spectra measured at room temperature in these samples are shown in Fig. 1͑b͒ . As-grown GaAs 1−x N x ͑lower curve͒ shows an intense band at 1.21 eV and a weaker band at 1.421 eV due to carrier recombination in the GaAs 1−x N x epilayer and in the underlying GaAs, respectively. After D treatment ͑upper curve͒, the 1.21 eV band is replaced by a narrower band centered at the GaAs band gap energy, a clear indication of full nitrogen passivation by deuterium.
2-4 The shoulder visible at 1.37-1.38 eV is due to irradiation-induced defects as deduced from its energy dependence on temperature. Indeed, the peak energy of this band does not change with increasing temperature as usually found for strongly localized deep levels.
In Fig. 2 we show the relative change in the lattice constant along the growth direction ͑⌬a Ќ / a 0 ͒ D as obtained in the fully deuterated samples as a function of the corresponding quantity for the untreated sample ͑⌬a Ќ / a 0 ͒ N . Data reported in the literature for hydrogenated GaAs 1−x N x samples grown by MBE 10 or metal organic vapor phase epitaxy 11 ͑MOVPE͒, as well as for MBE GaP 1−x N x 12 samples, are also plotted for comparison. Very interestingly, the hydrogen-or deuterium-induced 15 compressive strain follows a linear dependence on the tensile strain of the as-grown sample; i.e., it depends only on the initial nitrogen concentration, independently of both the dilute nitride alloy growth technique ͑MBE or MOVPE͒ and of the N host lattice ͑GaAs or GaP͒.
Strain and passivation are presumed to be caused by the same D-N complex. 8, [10] [11] [12] We will show that this is not true. Figure 3 shows HRXRD data recorded in situ during annealing of the deuterated epilayer examined in Fig. 1 . Annealing was performed at T a = 250°C in a N 2 atmosphere. As the annealing time was increased, the diffraction curves showed a monotonic and progressive weakening of the diffraction peak related to deuterated GaAs 1−x N x and a shift of the same peak towards the position of the GaAs substrate. The process ended after ϳ13 h, when the sample strain saturated at about a null strain value ͑0.0± 0.1͒%. However, the PL spectrum recorded at the end of the annealing treatment ͑shown in the inset of Fig. 3 as solid line͒ still showed a full N passivation. In addition, we notice that the 1.37-1.38 eV band is still present in the PL spectrum of the annealed sample, thus indicating that the defect responsible for that band is not correlated to the compressive strain found in the as-deuterated samples. The results of Fig. 3 demonstrate the existence of a hydrogen-related complex, which is responsible for the overshooting of the GaAs lattice constant in deuterated GaAs 1−x N x , but not for the electronic passivation of nitrogen. This complex is clearly less stable as compared to that responsible for the electronic passivation of N, since annealing at 250°C removes the former, but not the latter.
From the shift rate of the compressive diffraction peak as a result of annealing at 250°C and by assuming 93 THz as the attempt frequency for the dissociation process involved, 16 we estimated an activation energy E a = 1.9 eV. Such a value is lower than that reported in Ref. 16 ͑2.2 eV͒ for the N-H complex responsible for electronic passivation in GaAs 1−x N x , confirming the higher stability of the latter.
These findings have important implications in establishing the nature of the complexes that form in hydrogenated or deuterated GaAs 1−x N x . Recently, x-ray absorption measurements showed that C 2v -like nitrogen-dihydrogen complexes are the most abundant species in hydrogenated GaAs 1−x N x . 9 These complexes consist of two bond-centered H atoms bound to the same N atom. They are stable and lead to the electronic passivation of N, as shown by first-principles total energy calculations in GaAs 0.97 N 0.03 . 8, 9 In particular, it has been shown in Ref. 8 that a canted version of these C 2v -like complexes accounts for some subtle features in the infrared absorption measurements, i.e., a line splitting in samples irradiated at the same time with hydrogen and deuterium. 17 Such canted C 2v complexes may exhibit two distinct orientations relative to the ͓001͔ direction, and therefore induce on average a slightly tensile strain in the hydrogenated GaAs 1−x N x layers. 18 The results presented here rule out the possibility that the C 2v complex used to explain the electronic passivation of N, together with the infrared and x-ray absorption data, may also account for the observed compressive strain. The fact that a moderate annealing removes the compressive strain, but does not affect the electronic passivation of nitrogen, and the different activation energies associated with the two processes strongly suggest the presence of a second complex. Moreover, the precise correlation ͑see Fig. 2͒ between the compressive strain and the N concentration indicates that the complex is still related to nitrogen.
We suggest that this complex may consist in excess hydrogen weakly bound to the C 2v structure in a satellite configuration. The formation of weakly bound H 2 molecules ͑that are predicted to give compressive strain 8 ͒ or H atoms in a configuration which expands the lattice both are possible structures to be investigated. Under these two hypotheses the 1.9 eV experimental barrier can be interpreted as either the sum of binding and diffusion energies of a H 2 molecule or of a H satellite atom, or the dissociation energies of a H 2 molecule. As a matter of fact, in the samples examined we did observe Raman vibrational modes due to D 2 ͑or H 2 ͒, which disappeared upon annealing at 250°C. However, the weakness of the observed Raman signal and the unknown Raman matrix element call for further investigations to assess the role of H 2 molecules.
In conclusion, we studied the structural and optical properties of fully deuterated GaAs 1−x N x . We showed the existence of a general relationship between the initial N concentration and the amount of compressive strain accumulated at the end of the deuteration process. We found that the compressive strain can be removed by a moderate annealing ͑250°C͒ of the deuterated samples and determined a corresponding activation energy substantially smaller than that found for the recovery of the GaAs 1−x N x band gap. These findings demonstrate the existence of a complex responsible for compressive strain, but not for the electronic passivation of N. On the basis of the present results and of previous literature data, we suggest that this N-H complex consists of H atoms or H 2 molecules weakly bound to the C 2v structure. Moreover, these results suggest the possibility of using hydrogenation and moderate annealing as methods to independently tailor strain and band gap in diluted nitrides.
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